Recently, a novel class of low-pressure nanofiltration (NF) hollow fiber membranes, particularly suited for water softening and desalination pretreatment have been fabricated in-house using layer-by-layer (LbL) deposition with chemical crosslinking. These membranes can operate at exceedingly low pressures (2 bar), while maintaining relatively high rejections of multivalent ions. In spite of their great potential, our understanding as to what makes them superior has been limited, demanding further investigation before any large-scale implementation can be realized. In this study, the Donnan-Steric Pore Model with dielectric exclusion (DSPM-DE) is applied for the first time to these membranes to describe the membrane separation performance, and to explain the observed rejection trends, including negative rejection, and their underlying multi-ionic interactions. Experiments were conducted on a spectrum of feed chemistries, ranging from uncharged solutes to single salts, salt mixtures, and artificial seawater to characterize the membrane and accurately predict its performance. Modeling results were validated with experiments, and then used to elucidate the working principles that underlie the low-pressure softening process. An approach based on sensitivity analysis shows that the membrane pore dielectric constant, followed by the pore size, are primarily responsible for the selectively high rejections of the NF membranes to multivalent ions. Surprisingly, the softening process is found to be less sensitive to changes in membrane charge density. Our findings demonstrate that the unique ability of these membranes to exclusively separate multivalent ions from the solution, while allowing monovalent ions to permeate, is key to making this low-pressure softening process realizable.
Introduction
Nanofiltration (NF) is a membrane separation process, first recognized in the late 1980's, whose performance is intermediate between that of reverse osmosis (RO) and ultrafiltration (UF), with a pore size on the order of one nanometer and a corresponding molecular weight cut-off (MWCO) of 300 − 500 Da [1] .
Generally, NF membranes are either positively or negatively charged depending on the feed chemistry and the functional groups forming the surface, and their separation performance is governed by the interplay of different mechanisms, namely steric effects (size exclusion), electrostatic effects (Donnan exclusion), as well as dielectric exclusion. The distinguishing characteristics of NF membranes -such as their ability to retain small organic molecules, higher selectivity towards monovalent ions, in addition to lower operating pressures and higher fluxes compared to RO membranes -promoted their adoption across a wide spectrum of applications, ranging from water and wastewater treatment [2, 3, 4] to food and textile engineering [5, 6, 7] as well as pharmaceutical and biotechnology applications [8, 9, 10] . A recent review by Mohammad et al.
demonstrates the surging interest in the environmental applications of NF, which surpassed any other areas, from membrane fabrication to economics and design, based on the number of publications since 2008 [11] .
Most commercial NF membranes are thin film composite (TFC) flat sheet membranes fabricated using interfacial polymerization, such as the NF series by Dow, the UTC series from Toray, and the Desal series by GE-Osmonics. Meanwhile, a variety of alternative methods to fabricate NF membranes have also been explored by researchers, including modified interfacial polymerization [12, 13] , grafting polymerization [14] , and nanomaterials embedment [15] . Recently, the successful development of a novel class of NF hollow fiber membranes has been demonstrated, fabricated using the layer-by-layer (LbL) polyelectrolyte deposition method with chemical crosslinking [16, 17] . Among all the membranes investigated in that study [17] , it was proven that the LbL1.5C membrane was best suited for low-pressure softening applications. The results underscored the membrane's superior water softening capacity when compared to the state-of-the-art in softening, and to commercial NF membranes (NF 270 and NF 90) operating under low pressures (less than 5 bar), potentially opening doors for scale-up implementation of the membrane in low-pressure hard water softening and seawater desalination pretreatment.
In spite of these developments in NF low-pressure softening, however, further progress demands a deeper understanding of the fundamentals underlying the NF process. Unfortunately, NF separation of multi-ionic solutions is often difficult to predict given the complex nature of the interactions that occur among the ions themselves, and the ions and the membrane [18] . A rigorous model becomes essential to understand what governs the separation process and what transport and membrane properties dictate the softening performance, before we can extend our NF softening capabilities even further.
Earlier studies on NF modeling, geared at softening applications, exemplify the challenges encountered in
this area, and demonstrate the need for further investigation. In their work on bipolar softening membranes, Soltanieh and Mousavi [19] implemented a modified version of the two-dimensional capillary model. Their work, however, was specifically targeted at bipolar membranes and only investigated the solute rejection as a function of pH and polyelectrolyte concentration [19] .
Bodzek et al. followed by looking into the application of both, the DS-5-DK NF membrane and the DS-3-SE RO membrane developed by Osmonics, to softening of well and tap water. Their results showed that NF, while being more permeable than RO, has sufficient selectivity and is more suited for softening applications [20] . In search of a deeper insight, however, Wesolowska et al. later extended this analysis by attempting to apply the DSPM-DE model to the DS-5-DK NF membrane only to conclude that the model cannot successfully be calibrated to real multi-ionic water solutions [21] . Results from these studies among others [18, 22] , in addition to the recent developments in low-pressure softening membranes [12, 16, 17] , underscore the pressing need for a comprehensive NF model applied to softening studies, featuring multi-ionic solutions at salinities approaching those of seawater.
Given the complexity associated with modeling transport and separation at a scale only one order of magnitude above atomic dimensions, NF modeling has been an active area of research for more than two homogeneous membrane with a uniform distribution of potential and concentration [24] .
Subsequently, Bowen and Mukhtar proposed a hybrid model (HM) that assumes a nonporous membrane, yet introduces hinderance factors to account for the hindered transport [25] . Later atomic force microscopy (AFM) results introduced by Bowen et al. proved the existence of discrete pores in NF membranes, suggesting that a porous model is more consistent. Based on the results they obtained by assuming a uniform distribution in the pores, nonetheless, Bowen et al. concluded that the additional complexity borne by the SCPM model is not justified, and the term "Donnan-Steric Pore Model" (DSPM) was first coined [26] . In spite of DSPM's great success with simple solutions such as that of uncharged solutes, dyes, and univalent electrolytes [27] , its accuracy was challenged when applied to mixtures of electrolytes and multivalent ions [28] . Consequently, dielectric exclusion was later incorporated as a partitioning mechanism by Bowen et al. [29] . This paved the way for the development of the Donnan-Steric Pore Model with dielectric exclusion (DSPM-DE) by Bandini and Vezzani [30] , the open source program, NanoFiltran, by Geraldes and Alves [31] , and lately the large-scale models for NF flat-sheet and spiral-wound modules by Roy et al. [32] .
Despite the substantial efforts on modeling single salt solutions and ternary ionic mixtures, a subject fairly established and well understood in NF literature, very few studies specifically targeting multi-ionic mixtures, such as artificial seawater, currently exist. This shortcoming is exacerbated by the scarcity of results available on modeling softening, which are necessary for understanding and optimizing the process.
Although significant progress has been made on the fabrication-front when it comes to the novel NF hollow fiber membranes introduced earlier [12, 16, 17] In this study, the DSPM-DE model is adopted for the first time to predict the softening performance of a cross-linked LbL NF membrane, similar to the LbL1.5C membrane presented by Liu et al. [17] . The objective is to provide and validate a rigorous approach to characterizing the membrane, offer a complete description of the softening process involved, and extend our current understanding of low-pressure NF softening. Experiments on uncharged solutes, ternary ionic mixtures, and multi-ionic solutions, including artificial seawater, were carried out, and the resulting trends, including negative rejection, were investigated.
The nature of the multi-ionic interactions among the ions themselves, and the ions and the membranes are elucidated for the different hard water feeds considered in the study. An approach based on sensitivity analysis is proposed to determine the membrane property that dominates the softening process. Our results
show that the membrane effective pore size and pore dielectric constant (and surprisingly not the membrane charge density) are the two parameters that dominate the softening process for this membrane.
Theoretical Background
To model the separation performance of nanofiltration membranes, transport inside the membrane as well as in the concentration polarization layers has to be considered as shown in Fig. 1 . While a typical TFC membrane is composed of an active layer and a porous support layer, the membrane separation is dictated solely by its membrane active layer [33] , and hence, the support layer can reasonably be ignored throughout our analysis. In addition to the membrane active layer, the occurrence of concentration polarization on the feed/membrane and membrane/permeate interfaces, which can also undermine the membrane performance, must be considered.
Feed
Permeate material's ability to polarize in the presence of an electric field. A material with a higher dielectric constant polarizes more in the presence of a field, reducing the field's overall effectiveness. In light of these requirements, we start our modeling approach by an account of the main equations that govern solute transport inside the membrane active layer. We then move on to concentration polarization outside the active layer, and lay out an approach to account for its effects. Afterwards, our system of equations is closed with the incorporation of solute partitioning under electrochemical equilibrium. Finally, a brief overview of the discretization process necessary to numerically solve the system is provided.
Modeling Transport in the Membrane Active Layer
In the membrane active layer, the flux of the i th solute, J i , may be expressed in terms of the gradient in solute electrochemical potential as [29] :
In Eq. 1, the solute electrochemical potential, assuming constant pressure and velocity in the pores, can be expressed as:
where a i refers to the solute activity, respectively. By differentiating Eq. 3, and substituting the result back into Eq. 1, the extended Nerst-Planck equation is obtained [25] :
The extended Nerst-Planck equation accounts for the transport of solutes through the membrane by diffusion, convection, and electromigration. The negative sign preceding the diffusive and electromigrative terms reminds us that transport through these mechanisms occurs down a gradient in concentration or electrical potential. Transport through convection, on the other hand, occurs as a result of the porous nature of NF membranes [26] .
Given the scale of the pores in NF membranes, the mobility of the solutes through them is greatly reduced. The apparent rates of diffusion and convection are considerably lower in confining pores, relative to the bulk solution, when the pore and solute radii approach the same order. Under these circumstances, the transport is said to be "restricted" or "hindered" [34] . Hindered transport is accounted for in Eqs. 1 and 4 through the inclusion of K i,d and K i,c , which are hindrance factors for diffusion and convection, respectively.
These factors are expressed in terms of the ratio of the solute Stokes radius to the pore radius, λ i , and are related to the solute enhanced drag and lag drag coefficients as explained elsewhere [35] . For solutes with
may be expressed according to the result obtained by Dechadilok and Deen [35] :
For solutes with λ i > 0.95, K i,d was calculated using the result obtained by Mavrovouniotis and Brenner [36] :
Similarly, K i,c was calculated using Eq. 7 according to this result by Ennis et al. [37] :
Although the hollow fiber membranes modeled in this study are cylindrical in geometry and not flat, Cartesian coordinates can still be invoked in the analysis with reasonable accuracy under the condition that ∆x e /d o 1 [38] , where ∆x e is the effective thickness of the membrane active layer and d o is the fiber outside diameter. Apart from the extended Nerst-Planck equation, electroneutrality accounting for the membrane charge density X d also needs to be satisfied:
Concentration Polarization and Mass Transfer Modeling
Concentration polarization refers to the formation of concentration gradients on the membrane feed and permeate interfaces as different constituents of the feed solution permeate through the membrane at different rates. This change in concentrations at the membrane interfaces leads to a reduction in permeate flux and rejection ratios. Concentration polarization can occur at the feed/membrane interface given the membrane selectivity at the active layer, and at the membrane/permeate interface as the membrane contacts a permeate enriched in one of the feed solution components. This effect can be controlled by adjusting the velocities in the feed and permeate channels, among other techniques [39] . For most membrane processes with bulk fluid flow through the membrane, concentration polarization on the permeate side, which is usually dilutive in salt-rejecting membranes, may reasonably be neglected [33] .
Concentration polarization on the feed/membrane interface was accounted for using the model developed by Geraldes and Afonso [40] . According to their model, the net flux of solute i is expressed as the sum of the fluxes due to back diffusion, convection, and electromigration, as illustrated in Fig. 1 .
where ξ refers to the electric potential gradient at the feed/membrane interface, c i,w is the solute concentration at the feed/membrane interface just outside the pores, and c i,b is the bulk concentration, respectively.
Under steady state operating conditions, the flux continuity equation for solute i may also be expressed in terms of the permeate concentration c i,p :
Note that the diffusive flux in Eq. 9 is expressed in terms of a mass transfer coefficient, k
• c,i , determined from conventional Sherwood number correlations, and corrected for the "suction effect" caused by membrane permeation at the interface through the inclusion of the flux-dependent correction factor, Ξ, as follows [40] :
with φ i = J v /k c,i . The mass transfer coefficient, k i,c , was evaluated using the Sherwood number correlation for laminar flow in a tube with fully developed velocity profile, and developing concentration profile [41] :
with Re being the flow Reynolds number, Sc i the solute Schmidt number, d i the fiber inside diameter, and L the length of the module.
In addition to the concentration polarization equations developed in this section, two electroneutrality conditions should also be met in the feed and permeate regions. The first of these conditions, Eq. 14, applies at the feed/membrane interface, while the second condition, Eq. 15, applies in the permeate region [31] .
These conditions take the form:
Solute Partitioning at Electrochemical Equilibrium
While diffusive fluxes act to eliminate concentration gradients in bulk solutions, concentration gradients can still exist in "true equilibrium" across a selective medium under certain conditions, such as a charged membrane [42] . The difference in concentration between a membrane's pores and the bulk solution is commonly referred to as solute partitioning, and plays a significant role in a membrane's selectivity towards solutes. Two additional expressions are obtained from describing solute partitioning under electrochemical equilibrium at the feed/membrane and membrane/permeate interfaces. These expressions are obtained by setting the electrochemical potential equal on both sides of an interface. In this derivation, we will refer to the solution inside the pores with a prime and consider a general interface for convenience:
Substituting our definition for the electrochemical potential from Eq. 3, and accounting for solute nonidealities through the introduction of an activity coefficient yields:
In Eq. 17, which resembles the Nerst equation, ψ D refers to the Donnan potential forming across the membrane at equilibrium [43, 42, 44] . The activity coefficient is calculated using Davies model, which relates γ i to the solution ionic strength, I, through the semi-empirical relation [45, 46] :
where b is assigned a value of 0.3 herein. A is the temperature-dependent Debye-Hückel constant expressed as [46, 47] : (20) with N A being Avogadro's number, e the elementary charge, ε 0 the permittivity of vacuum, ε r the solvent's dielectric constant or relative permittivity, and k the Boltzmann constant.
Apart from the Donnan exclusion/partitioning mechanism expressed in Eq. 17 and in agreement with Donnan theory, other solute partitioning mechanisms occur across a NF membrane for which Eq. 17 fails to account. Based on geometric [34] as well as thermodynamic arguments [48] , Eq. 17 has been modified in literature through the introduction of a steric term, which accounts for sieving effects that arise as a result of the finite size of the solute relative to the pore, quantified by the parameter λ i [27] .
In addition to sieving and Donnan effects, evidence from electrochemical studies in colloidal systems suggests that the solvent's dielectric constant is considerably reduced in the membrane's confining pores relative to the bulk solution [29] . This difference in dielectric constant between the bulk solution and the membrane pores presents a barrier to ion solvation into the pores, as predicted by Born model, which leads to a higher ion rejection ratio. This partitioning mechanism is referred to as dielectric exclusion, is indifferent to the ionic charge, and becomes more significant with increasing ion valency. The dielectric exclusion mechanism has been extensively investigated in literature [30, 49] , and is incorporated into Eq. 21 by the introduction of a Born solvation coefficient, Φ B , with ∆W i being the solvation energy barrier computed in accordance with Born model [44] :
where r i is the solute Stokes radius, ε p is the dielectric constant of the pore, and ε b is the dielectric constant of the bulk solution.
Applying Eq. 23 to account for solute partitioning at the feed/membrane and membrane/permeate interfaces, the two additional expressions necessary are obtained. These expressions act as "boundary conditions"
on the membrane interfaces with the feed and permeate solutions, and become increasingly important when solving for the concentration profile across the membrane. In writing these expressions, we follow the notation presented by Geraldes and Alves [31] , where Eq. 26 describes the partitioning as it occurs just inside and just outside the membrane at the feed/membrane interface, and Eq. 27 describes partitioning as it occurs just inside and just outside the membrane at the membrane/permeate interface ( Fig. 2 ):
Implicit in this derivation has been the assumption of electrochemical equilibrium, which might appear to be in contradiction with the observation that a finite flux of ions is always being transported across the membrane. The equilibrium assumption derives its validity from a primary restriction inherent in membrane transport models. This restriction is related to the equilibrium assumption and the way it is applied only across the feed/membrane interface or the membrane/permeate interface, and not the entire membrane as one entity. Stated differently, the equilibrium assumption contends that the fluids on both sides of the membrane are in equilibrium with the membrane itself. This assumption implies that the gradient in chemical potential across the membrane will have to be continuous at all points inside and outside the membrane for equilibrium to exist, which certainly is a reasonable assumption under steady-state operating conditions [33] .
Membrane Discretization and Modeling
The expressions derived thus far represent the equations that govern the transport and partitioning of solutes across a NF membrane at steady-state operating conditions. A complete account of these phenomena is obtained when the membrane active layer is discretized into nodes, as illustrated in Fig. 2 , and one extended Nerst-Planck equation is applied for every solute at every node. These equations are coupled with the concentration polarization equation and the boundary conditions derived from solute partitioning to form a closed system that is solved numerically. Our numerical approach is in tandem with that presented by Geraldes and Alves [31] .
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This section aims at summarizing and answering the questions raised during the group presentation on Friday, 16th of January, 2015.
1.1 A Note on Dielectric Exclusion (DE)
Background
The dielectric constant, or relative permittivity, of a material m is defined as the ratio of the material's permittivity to that of vacuum. Permittivity, on the other hand, is a measure of a material's ability to polarize in the presence of an electric field. A material with a higher dielectric constant polarizes more in the presence of a field, reducing the field's overall effectiveness. 1 Questions Posed Last Presentation 
Materials and Methods

Materials
The polyethersulfone (PES) ultrafiltration hollow fiber substrate was produced in-house similar to our previous studies [50, 51] . The inner and outer diameters of the substrate are 1.0 and 1.4 mm, respectively, with the pure water permeability of around 350 LMH/bar and the molecular weight cut-off (MWCO) of 50 kDa. Poly(allylamine hydrochloride) (PAH, Sigma Aldrich, Mw = 120 − 200 kDa), and poly(styrenesulfonic acid) sodium salt (PSS, Alfa Aesar, Mw = 500 kDa) were used to make polyelectrolyte solutions with sodium chloride (NaCl, Merck) as the supporting electrolyte. Glutaraldehyde solution (GA, 50% in water) was obtained from Sigma Aldrich as the crosslinking agent. Sodium chloride (NaCl), calcium chloride (CaCl 2 ), sodium sulfate (Na 2 SO 4 ), magnesium sulfate (MgSO 4 ) and magnesium chloride (MgCl 2 ) (Merck) were used for charged solute tests. The pH of solutions was adjusted using hydrochloric acid (HCl, fuming, 37%) and sodium hydroxide (NaOH) obtained from Merck. Neutral organic solutes such as glycerol, glucose and sucrose were purchased from Merck and used for uncharged solute rejection tests. DI water was produced by a Milli-Q system (Millipore, USA).
Layer-by-layer deposition and crosslinking
The detailed procedures of the semi-dynamic inner surface modification were reported in our previous studies [16, 17] and briefly described below. Fifteen pieces of dried hollow fibers were sealed into PTFE membrane modules with an effective length of 25 cm. The LBL deposition and GA crosslinking at the lumen surface were performed by introducing the polyelectrolyte and the GA solution throughout the fiber lumen with a syringe and maintained for a desired contact time, followed by DI water rinse after each step. Membrane modules were then stored in DI water for characterization and performance evaluation.
The morphology of the NF membrane was examined by a Field Emission Scanning Electron Microscope (FE-SEM JSM-7600F, JEOL, Japan), and is depicted in Fig. 3 . b a 
NF performance tests
The pure water permeability of the NF membrane was measured on a bench scale cross-flow filtration unit, as shown in Fig. 4 , under a varied transmembrane pressure (TMP) from 1 to 4 bar using DI water.
Inside-out filtration was performed for the hollow fibers. 
Results and Discussion
Membrane Characterization
One crucial aspect of membrane modeling involves characterizing the membrane in terms of parameters that allow it to be described with reasonable accuracy using simplified mathematical models. The process of membrane characterization in NF literature has undergone considerable changes over time as the models grew in sophistication. In the early nonporous hybrid model (HM) introduced by Bowen and Mukhtar, NF membranes were only characterized by two parameters, the effective membrane charge and thickness [25] .
With the introduction of the porous DSPM model, the membrane effective pore size was then added and coupled with the effective membrane thickness through the Hagen-Poiseuille equation [26] . Realizing the importance of the process as a prerequisite to running any model, Bowen and Mohammad later developed a simplified characterization method, and applied it to 29 NF membranes from 10 manufacturers [52] . The membrane pore dielectric constant was eventually added to the list of membrane parameters to account for dielectric exclusion [29] .
The membrane characterization approach adopted in this study was inspired by the earlier work of Bowen and Mohammad [27] and Bowen and Welfoot [29] . In our approach, a set of 4 experiments are necessary to accurately characterize the membrane. The effective membrane pore size and thickness are first determined from uncharged solute and pure water permeability experiments. These are followed by the membrane pore dielectric constant and effective membrane charge, which are determined from single salt experiments at different pH values, and mixed salt experiments. The solute properties used in this process and later in the study are summarized in Tables 1 and 2 for reference. 
where Pe w is the Péclet number that compares the convective relative to diffusive transport through the pores, and K i,d , K i,c , and Φ i are calculated according to Eqs. 6, 7, and 22, respectively. This expression takes into account concentration polarization by considering the feed concentration at the membrane interface c i,w to calculate the real rejection, rather than the observed rejection. By allowing the Péclet number to take on increasingly larger values and convection to dominate membrane transport, a new expression for rejection is obtained, called "limiting rejection" [26] :
Empirical evidence shows that uncharged solute rejection increases with increasing permeate flux as convection becomes more dominant, and the permeate becomes less concentrated. What Eq. 30 underscores is the fact that beyond a certain value for rejection, denoted by R lim , increasing the flux does not contribute to increasing rejections. Beyond this point, any increase in convective transport is offset by the increasing concentration polarization and solute transport across the membrane. This phenomenon of limiting rejection will later be encountered in our study, and has been reported elsewhere as well [26, 29, 53] . Table 3 . With these results, an average pore radius of 0.5 nm was estimated, along with the values of the effective membrane thickness fitted for each solute according to Eqs. 28 and 29. These results are provided in Table 4 . Since uncharged solute rejection is indifferent to dielectric exclusion and Donnan effects, the DSPM-DE model was run using the values reported in Table 4 , assuming X d = 0 and ε p = ε b = 80.4, under exceedingly larger values of permeate flux and crossflow velocity to estimate the "limiting rejection" of each solute.
These results are plotted in Fig. 5 against the limiting rejection curve, which is defined by Eq. 30. The good agreement observed between the values obtained for limiting rejection using an effective pore radius of 0.5 nm and the limiting rejection curve suggest that this pore size can be used as the effective membrane pore size for all subsequent analysis [27] . It should be noted, however, that successfully defining a membrane effective pore size does not guarantee the existence of such well-defined cylindrical pores in the membrane, nor does it imply the presence of a uniform pore size distribution throughout it. Instead, defining an effective pore size only implies that the hindered transport of solutes across a given membrane is equivalent to their transport across pores of this effective size [25] . 
Defining an Effective Membrane Thickness: Pure Water Permeability Experiments
The membrane effective thickness, defined as the ratio of the membrane thickness ∆x to its porosity A k , can be estimated based on the Hagen-Poiseuille equation once an effective pore size is established [26, 52] .
Assuming the pores are cylindrical and uniform in size, the permeate volumetric flux is given by:
with ∆P being the applied pressure, and µ the solution viscosity. Pure water permeability experiments, summarized in Fig. 6 , provide evidence in support of a linear relationship between permeate flux and applied pressure. Given the value of r p defined in Section 4.1.1 along with Eq. 31 and the experimental results in Fig. 6 , the effective membrane thickness, ∆x e , was estimated to be 1.33 µm, agreeing closely with the results reported earlier in Table 4 . Similar to r p , this value of ∆x e will be assumed constant for all subsequent analysis in this study. 
Defining a Pore Dielectric Constant: Single Salt pH Experiments
Once the effective membrane pore size and thickness have been determined, the next step in membrane characterization involves estimating the membrane pore dielectric constant, ε p . Fig. 7 illustrates the results obtained for the rejection of a 1000 mg/kg NaCl solution as a function of pH. As shown in the figure, the salt rejection initially decreases with increasing pH and reaches a minimum, before it starts increasing again.
The point at which rejection is minimum is commonly referred to as the membrane "isoelectric point" (IEP), and is considered to be the point at which the membrane is uncharged [29] . Accordingly, this limits the membrane's partitioning mechanisms to steric partitioning and dielectric exclusion only, allowing for the pore dielectric constant to be determined by least squares fitting.
According to Fig. 7 , the membrane IEP occurs between a pH of 7.0 and 8.0. To evaluate ε p , least squares fitting was used to match the experimental results at a pH of 7.0 and 8.0, assuming the membrane is uncharged. The values obtained for ε p from the analysis varied by less than 6% over this range. In this study, the IEP was taken at a pH of 7.0, which falls in line with the results of the zeta-potential analysis carried out by Liu et al. [17] , with a corresponding ε p = 41.3, which will also stay constant for all subsequent analysis. To summarize, the DSPM-DE modeling parameters fitted for the LbL-C membrane from experimental results are listed in Table 5 . This leaves only one degree of freedom, the membrane charge density, X d , which will be our next subject of discussion. 
Hard Water and Artificial Seawater Experiments
Estimating the membrane charge density, X d , is the final stage of the membrane characterization process.
Unfortunately, however, the membrane charge density is not only a function of the membrane, but is also sensitive to variation in feed composition and pH. Depending on the feed pH and composition, ion adsorption to the membrane [26] as well as dissociation of the membrane functional groups [54] could occur, ultimately affecting the membrane charge. In some instances, counterion adsorption has been reported, leading to complete shielding or even inversion of the membrane charge [55] . For these reasons, estimates of the membrane charge density are feed-specific at best. This leaves one degree of freedom when modeling any NF membrane using the DSPM-DE model. One way of handling this limitation has been the adoption of Freundlich isotherms, which express the membrane charge as a function of concentration based on empirical data [25, 27] .
To study the softening performance of the LbL-C membrane and investigate its selectivity to various feeds, experiments were run on hard water of varying chemistries. The feeds examined, whose compositions are summarized in 
Model Validation and Results
Characterization of the LbL-C membrane in the previous section sets the stage for validation of the DSPM-DE model and its applicability to this new class of low-pressure softening membranes. In this section, the DSPM-DE model is validated against the experimental results reported in Section 4.1 for uncharged and charged solutes. The observed trends, the underlying multi-ionic interactions, as well as insights obtained from the application of the model to the membrane are discussed.
Modeling Uncharged Solutes
To validate the model against uncharged solute experiments, modeling simulations were run while varying the transmembrane pressure. The modeling results, illustrated in Fig. 8 , had an average deviation of 12% from the experimental results, demonstrating excellent agreement between modeling and experimental results. As explained earlier, our modeling results in Fig. 8 capture how solute rejection increases with increasing flux, as convection dominates, until a limiting value for rejection is reached. Since the effective membrane pore radius estimated (0.5 nm) was comparable to the Stokes radius of sucrose (0.471 nm), the model slightly overestimates its rejection. The results obtained also suggest that the LbL-C membrane has lower rejection for glycerol compared to glucose, falling inline with the observation that glycerol has a smaller Stokes radius and a relatively larger diffusivity according to Table 1 . Following its validation, the model was run to predict the membrane's rejection to other solutes, namely atrazine and xylose, allowing us to investigate its performance over a wide spectrum of solutes. Similar to the results presented in Fig. 8 , the obtained results reported in Fig. 9 , demonstrate that the membrane's rejection towards uncharged solutes increases with increasing solute Stokes radius, or equivalently, decreasing solute diffusivity.
According to Table 1 , the results in Fig. 9 suggest that solute rejection also increases with increasing molecular weight. Figure 10 underscores this fact by plotting rejection as a function of molecular weight.
According to the figure, uncharged solute rejection increases steadily with increasing molecular weight, and jumps once the solute Stokes radius approaches the effective membrane pore size (λ i → 1), before it slowly plateaus at 1. Using a plot similar to Fig. 10 along with a properly calibrated model allows for the molecular weight cut-off (MWCO) to be estimated without additional experimentation. For instance, the MWCO of the LbL-C membrane can be estimated to be approximately 250 Da, which is close to the MWCO of 205 Da reported experimentally by Liu et al. [17] . Since rejections are a function of permeate flux, an even closer estimate of MWCO = 215 Da can be obtained from Fig. 9 .
Since solutes are not perfect spheres, nor are membrane pores perfect cylinders, a plot similar to that in Fig. 10 , while being qualitatively useful, should always be taken with scrutiny. Relying primarily on molecular weight to predict rejection could be misleading, for instance, should the solute deviate considerably from spherical geometry. Since solute rejection for uncharged solutes is primarily size-based, higher values of uncharged solute rejection would be achievable primarily with a tighter membrane, whose effective pore size is smaller. Figure 11 shows the results obtained from modeling the NaCl+MgCl 2 hard water mixture, which strongly agrees with experimental results. With the introduction of charged species into the feed chemistry, the selectivity of the NF membrane is now a function of not only steric hindrance (size-based), but also Donnan partitioning and dielectric electric exclusion, adding to the overall complexity of the system. Similar to other results obtained for uncharged solutes, rejection increases with increasing flux for this mixture. The membrane has superior retention to the multivalent ion, Mg +2 , which is around 99% even at applied pressures as low as 2 bar. This selectively high rejection towards multivalent ions is a characteristic of NF membranes, and primarily governed by dielectric exclusion as our study proves later. Given that this is a ternary ion system, the interesting phenomenon of "negative rejection" is observed and is well-predicted by the model. This phenomenon has been encountered extensively in literature [25, 56, 57] , primarily as a result of the interaction between the different pairs of coions in the solution and the membrane, as will become evident. Fundamentally, negative rejection does not mean that mass (solute is this case) is being created, nor does it imply that the mixture now has more salts or ions than it initially started with. Negative rejection only implies that the system has a higher concentration of a given ion in the permeate, relative to the feed. In other words, negative rejection for a given ion species only occurs when more of that ion is in the smaller permeate volume relative to the much larger feed volume. The total number of ions is conserved, and only their relative allocation among the feed and permeate changes, primarily as a function of the membrane and ions in the solution.
Modeling Hard Water Mixtures: The Phenomenon of Negative Rejection
Yaroshchuk provides a detailed account of negative rejection and the mechanisms that underlie its occurrence [58] . These include equilibrium mechanisms, kinetic mechanisms, and a possible combination of the two. Based on our simulation results, which clearly indicate that the concentration of the negatively rejected ion unintuitively decreases in the membrane relative to the bulk, kinetic mechanisms must be responsible.
Taking an example of a ternary system with two cations and one anion (similar to Mixture 1), Yaroshchuk argues that negative rejection in this case results from the fundamental requirements of charge electroneutrality and zero electric current traversing the membrane. When dielectric exclusion starts playing a more prominent role in solute partitioning, Yaroshchuk contends that a "relative pull-in" of the less charged coion could even result [58] .
In light of this account, a physical interpretation for negative rejection in our case is reached by looking at the relevant transport mechanisms across the membrane in more detail. In the NaCl+MgCl 2 mixture, negative rejection of Na + cannot be a result of pure convective transport of the ions across the membrane. If we assume the membrane is completely passive towards to Na + (membrane does not see Na + to begin with), a lower bound of zero rejection will be observed. Zero rejection suggests that the membrane is passive (or indifferent) towards the Na + ions, and does not enhance nor restrict their transport, respectively. Since this is a lower bound, rejection cannot be lower; and hence, convective transport alone cannot be accountable, and does not explain the phenomenon. A similar analysis focused only on the diffusion of Na + leads to the same conclusion. Since diffusion acts to eradicate any concentration gradients across an interface, this transport mechanism cannot be responsible for reversing the concentration gradient, effectively making the permeate more concentrated than the feed. If neither convection nor diffusion of Na + can justify the negative rejection observed in experiments and predicted by our model, some other mechanism must be responsible.
The key point is the importance of the interaction between the different ions in the solution. On the feed side, the two cations, Na + and Mg +2 , are neutralized by the only anion in the mixture, Cl − . This is consistent with the fact that the concentration of Cl − exceeds that of Na + in the feed, as Table 6 shows.
Driven by a gradient in electrochemical potential and a low rejection by the membrane, the Cl − ions are transported from the feed to the permeate. Since the membrane is impermeable to Mg +2 by virtue of its selectivity (dielectric exclusion), the more mobile Na + ions are the only counterions available to neutralize the permeate solution. In effect, the transported Cl − ions will "pull in" the extra Na + ions with them so that charge electroneutrality is always satisfied on both sides of the membrane. Stated differently, the transport of Na + ions is enhanced by the counterion, Cl − , which leads to a higher concentration of Na + ions in the permeate and results in the apparent negative rejection. The same phenomenon was observed with the other synthetic water feeds studied, and a similar explanation applies to the trends seen.
A similar behavior was observed with the NaCl+NaSO 4 mixture as can be seen from Fig. 12 . The membrane has high retentions towards the multivalent ion, SO 2− 4 , with rejection ratios close to 95% at applied pressures as low as 2 bar. This low operating pressure is possible given the high membrane selectivity towards the monovalent ions, which constitute the majority of the mixture. Similar to the NaCl+MgCl 2 mixture, the more mobile coion, Cl − in this case, is negatively rejected by the membrane. Given that the membrane is impermeable to SO
2− 4
and that Cl − is the only anion available to neutralize the transported Na + ions on the permeate side, the observation of negative rejection for Cl − falls directly inline with our previous explanation. Rather than being indifferent to solute transport (zero rejection), a membrane with "negative rejection"
essentially enhances the transport of that solute or ion across it. This ion is usually the more mobile coion in the mixture, and this phenomenon tends to be desirable when the target is to eliminate the less mobile ion (Mg +2 or SO 2− 4 in this case). For softening applications specifically, rejection towards the multivalent ions is the primary factor of interest. Being able to "selectively pick" the multivalent ions only, while intentionally allowing the monovalent ions to permeate, allows for softening to be carried out more economically, and at much lower energy penalties, as was observed with the LbL-C membrane (less separation work is necessary).
In addition, the negative rejection of monovalent ions allows the permeate of the LbL-C to have a higher osmotic pressure relative to the permeate of other NF membranes that partially reject monovalent as well multivalent ions. This higher osmotic pressure on the permeate side reduces the osmotic pressure difference across the membrane, leading to lower applied pressures than otherwise would be necessary to reach the same permeate flux. Together, these reasons elucidate the mechanics underlying low-pressure softening, and why this membrane fared well when compared to other commercial membranes in the experimental study by Liu et al. [17] . Figure 13 shows the results obtained based on our model and experiments for artificial seawater. The high concentrations, the nature of the ionic interactions that occur among the ions themselves, along with the interactions between the ions and the membrane only add to the overall complexity of this system and provide a real challenge to the validity of the model and the assumptions involved. The agreement between the model and experiments is excellent, with a maximum deviation of 12% for the multivalent ions, showing the robustness of the model and characterization studies. As shown in Fig. 13 , the membrane performs surprisingly well for softening, selectively separating only the multivalent ions while passing along the monovalent ions. As seen earlier, the rejection increases with flux until a limiting value is reached. 4 is rejected more than Ca +2 in spite of its smaller Stokes radius/higher diffusivity by virtue of electrostatic interactions given the membrane's negative charger under these operating conditions.
Modeling Artificial Seawater
Although to a lesser extent, negative rejection still occurs in this system and can be explained by an account similar to that of synthetic water mixtures. To simplify our analysis to first approximation, we consider the membrane is impermeable to all multivalent ions, which include Mg +2 , Ca +2 , and SO 
Investigating the Membrane Selectivity: Sensitivity Analysis
In addition to our previous analysis on the LbL-C membrane, the DSPM-DE model enables us to probe what characteristics dominate the separation performance, expands our understanding of NF membranes and their selective rejection towards multivalent ions, and explains why this membrane specifically is superior when it comes to low-pressure softening. Although the selectively high rejection of NF membranes towards multivalent ions is well-documented in literature, no formal attempt has been made, to the best of our knowledge, to ascertain what mechanism or which membrane property is responsible for this very unique selectivity. In this section, we propose an approach based on sensitivity analysis to answer this question.
By taking any mixture from Table 6 as our model solution and running sensitivity analysis varying the membrane characteristics from their nominal values reported in Table 5 and Section 4.1.4, the characteristics that dictate the separation performance can be identified. The main assumption underlying this analysis is the independence of the membrane characteristics from one another, which is reasonable given the scope of this sensitivity analysis. the membrane softening performance and high selectivity towards monovalent ions is dominated by the pore dielectric constant, followed by the effective pore size, charge density, and finally the thickness.
Similar trends have been observed when this analysis was extended to the other mixtures in the study. In all cases, the membrane pore dielectric constant played the biggest role, followed by the effective pore size, charge density, and finally the membrane thickness. These findings underscore the importance of dielectric exclusion and steric hindrance as partitioning mechanisms in softening applications, and indicate that it is the right combination of these properties that are mostly responsible for the observed softening performance.
The conclusion that the selectively high rejection of NF membranes for multivalent ions is not dominated by membrane charge, but by the pore dielectric constant and pore size, is backed by empirical evidence in our study. For all synthetic water feeds considered, including artificial seawater, which had multivalent cations and anions, the multivalent ion retention was consistently higher relative to monovalent ions across all cases. Our methodology could potentially be extended to other NF membranes, and help provide a better understanding of the physics behind the NF separation process.
Conclusions
In this work, the Donnan-Steric Pore Model with dielectric exclusion (DSPM-DE) was applied for the first time to model the performance of a novel NF membrane, fabricated in-house using layer-by-layer (LbL) deposition with chemical crosslinking. The objective of this study has been to extend our understanding of low-pressure NF as it applies to water softening, and to elucidate what makes the LbL-C membrane particularly suited for this application. To accurately model the membrane performance, several experiments were conducted on a wide spectrum of feed chemistries, ranging from uncharged solutes to single salts, salt mixtures, and artificial seawater.
The membrane has been characterized based on the DSPM-DE model, and modeling results were then validated with experimental results. The notable agreement between experimental and modeling results demonstrate the success of the model and the membrane characterization technique adopted. The modeling results were later used to explain the trends observed, and elucidate the nature of the multi-ionic interactions that underlie the membrane's selectivity, and in particular negative rejection. An approach based on sensitivity analysis was finally introduced to ascertain which membrane parameter dominates the high selectivity of NF membranes for monovalent ions, and dictate the superior softening capacity of the LbL-C membrane.
The key findings of our study can be summarized as follows:
1. Solute retention increases with increasing permeate flux, until a limiting rejection value, characteristic of the solute and the membrane, is reached. Beyond this point, any increase in the solvent convective transport is offset by the increasing solute transport. Solutes with greater retentions approached their limiting rejections at faster rates.
2. Uncharged solute rejection increased with increasing solute size, decreasing diffusivity, and increasing molecular weight, indicating that sieving effects dominated the separation process. A plot of uncharged solute rejection as a function of molecular weight can be used to estimate the MWCO of a NF membrane based on simulation results.
3. Negative rejection of the more mobile ion in a mixture, as observed in our softening experiments, is a result of kinetic effects, and stems from the fundamental requirements of charge electroneutrality and zero electric current traveling through the membrane.
4. For artificial seawater, the sequence of multivalent ion rejection of the LbL-C was Mg +2 , SO 2− 4 , Ca +2 , which is a result of the interplay between the ion's Stokes radius, diffusivity, and membrane charge.
5. Low-pressure NF softening is only possible as a result of a membrane's ability to selectively "pick" the multivalent ions out of the solution, while allowing monovalent ions to pass through by design.
This characteristic eliminates the additional energy penalties incurred by the unnecessary separation of monovalent in addition to multivalent ions in softening.
6. Zero or negative rejection of monovalent ions could prove advantageous in softening applications by increasing the osmotic pressure on the permeate side, leading to lower driving force requirements for a given permeate flux.
7. The selectively high rejection of NF membranes towards multivalent ions is largely dominated by the pore dielectric constant. For the LbL-C, selectivity was dominated by the pore dielectric constant, followed by the pore size, charge density, and lastly membrane thickness.
